Abstract Interest in recovering and valorizing agricultural biomass residues has increased in recent years in response to emerging economic opportunities and the potential for more sustainable use of renewable and easy available resources. The present research has been carried out to understand and analyze the gaseous emissions during thermal degradation of the new straw fiber concrete developed for insulation application. Two straw fibers (wheat and barley) and two binders (plaster and lime) have been collected and mixed with different S/B ratios to conceive thermal insulation composites. Gaseous emissions are required as a crucial investigation firstly to evaluate the environmental and human pollution and secondly to predict the ignition of these new materials. Py-GC/MS analyses have been carried out for basic and composite materials at 300°C. The thermal degradation of straws essentially released cellulose, lignin moieties and trimethyl pentadecanone. Composite materials, produced 27 compounds when submitted to a temperature of 300°C. The straw composite materials gaseous emissions appear to be influenced by binder nature and S/B ratio.
Introduction
Nowadays, the green building materials have become a major issue in order to improve and maximize energy performance and minimize energy consumption. Natural fibers reinforced composites are good candidates to substitute conventional synthetic fibers reinforced polymers for some applications such as automotive and aerospace [1] . These composites are cost-effective, biodegradable, durable and eco-friendly construction material that will meet the global needs of thermal rehabilitation. They consist of two or more components with natural fibers in order to obtain specific characteristics such as high tensile, compressive strengths, and reduce shrinkage and cracking. Recent literature works show that it is possible to produce high performance natural fiber composite based in clay matrix, cement and lime or polymer matrix [2] [3] [4] . The use of lime or cement lightweight concrete-based natural fibers are more suitable for non-structural parts of the building and promising as one of the possible alternatives to synthetic materials [5] . Concerning natural fibers, some studies highlight that straw bales are excellent construction materials, as well as energy efficient and even fire-resistant. Different investigations have been performed to study the effect of humidity, moisture content and thermal conductivity on straw bales behavior [6, 7] . Unfortunately, the majority of studies on straw bales construction is at the straw bale scale and need more accurate laboratory testing in order to understand the behavior at the level of the straw fibers.
The main purpose of this paper is to characterize the gaseous emissions during the pyrolysis phase of construction material composed of binders (lime or plaster) and cereal straw fibers (wheat or barley) at small scale. This characterization is carried out using flash pyrolysis technique which has been used by several authors to study the thermal degradation of different types of materials [8] [9] [10] . These gaseous emissions are investigated on two fiber types and different straw composites. When heated, construction materials represent an important source of pollutant emissions. Besides their thermal performance, the heating of straw composites should lead to low emission of pollutants. Therefore, the proposed composites gaseous emissions characterization will aim to evaluate their contribution to environmental pollution, which is considered one of various problems humanity faces. On the other hand, the investigation of gaseous emissions is necessary to evaluate fire behavior, predict ignition and smoke evolution of these materials for building applications. The present paper is organized as follows: The next section is devoted to the preparation of the straw composites and to the description of pyrolysis flash apparatus; ''Results and discussions'' provides the gaseous emissions data of straw fibers and straw composite materials; finally, conclusion of this work is presented in ''Conclusions''.
Materials and methods

Straw-concrete preparation
The utilization of cereal straw is motivated by its large availability and its porous microstructure offering a good thermal property. It is also natural agricultural residue grown during a half or one-year period. Straw is produced in excess to requirement, so it is cheap and easily accessible. While the seed is processed for different food industries, the biomass left behind tends to be a problem. Traditionally, straw has been used for breeding or burned by farmers because of the storage conditions. Thus, the research program proposes a new solution of original lowcost construction material for the valorization of this lost material. Before preparing the composites, a first investigation is performed on the physical properties of straw. Then, two types of straw were selected and investigated for the composite, wheat and barley fibers. In order to facilitate the molding process, short straw fibers were used. The choice of the binder type is of great importance and complexity. It must answer an easy mixer, a perfect coating of fibers, a correct molding and a final composite with good mechanical and thermal properties. In this case of study, two types of binders were selected and investigated for the composite, lime and plaster.
As mentioned above, the main purpose of this research work is to find an optimal composition (straw-binder) using the lower gaseous emission as criterion for the new strawconcrete material. At this stage of the work, we will present the gaseous emission of the developed straw composite materials. A total of four mixtures were prepared using the water to binder (W/B) mass ratio of 1.1 and two values (0.2 and 0.4) of the fiber to binder mass ratio (S/B). The mixture was produced using a horizontal mixer of a volume of 35 L. The procedure of the samples preparation was done as Belayachi et al. [11] . In this previous work, it has been demonstrated that these four straw composite materials have low thermal conductivity and good mechanical Fig. 1 The lightweight straw-concrete materials: a F 2,LW ; b F 2,LB ; c F 3,PB ; d F 3,PW properties among many mixtures tested. Figure 1 shows the different composite materials which are F 2,LW (wheat/lime with a S/B ratio of 0.2), F 2,LB (barley/lime with a S/B ratio of 0.2), F 3,PB (barley/plaster with a S/B ratio of 0.4) and F 3,PW (wheat/plaster with a S/B ratio of 0.4).
Flash pyrolysis experiments
The identification of pyrolysis gases released by straws, binders and composites has been made using a flash pyrolysis device. The pyrolyser was a Frontier Lab EGA 2020 pyrolyser equipped with an AS-1020E auto-shot sampler coupled with a gas chromatograph and a mass spectrometer (GCMS Shimadzu QP 2010 Ultra). GC separations were done using a SLB-5MS (Supelco) capillary column (30 m long, 0.25 mm i.d, 0.25 lm phase thickness). The injector temperature was set to 250°C. The column temperature was programmed from 50 to 300°C min -1 with a rate of 5°C m -1 and held at 300°C for 9 min. The ionization mode was electron impact (70 eV), and the source temperature was 220°C. Helium was used as carrier gas with a volume flow rate of 1 mL min -1 . This apparatus is widely used to characterize the thermal degradation of various materials [12] [13] [14] . To ensure the samples homogenization, straw composites as well as straw fibers are crushed using a laboratory mill. About 2 mg of crushed sample is placed inside an inox cup and put in the sampler. The inox cup falls into the micro-oven isothermally heated at 300°C. Figure 2 shows a schematic overview of the described experimental setup. The pyrolysis products were identified on the basis of their GC retention times and by comparison of their mass spectra with those of standards and of NIST library. In order to ensure the repeatability, each pyrolysis was performed in duplicates.
Results and discussion
The gaseous emissions of straw composite materials and of two straw fibers at 300°C have been investigated. Wheat and barley straws are mainly composed of lignin and cellulose as can be seen regarding their pyrolysis products. Indeed, acetic acid and furan methanol were produced from cellulose degradation, whereas aromatic compounds such as methoxy phenol, vinylphenol, methoxy vinyl phenol and vanillin originate from lignin. The relative percentage of each compound is calculated as the ratio between its area and the sum of all the identified compounds area. The pyrolysis of the two straws leads to the same compounds but differs by their relative percentages. Methoxy vinyl phenol is the major product from wheat, whereas trimethyl pentadecanone which originate from chlorophyll is the major compound released by pyrolysis of barley (Fig. 3) . The same behavior has been observed in the literature for pyrolysis products analysis of several types of vegetation [15, 16] . The pyrolysis of the composite materials was performed at the same temperature for comparison. The pyrolysis products of the four straw/binder materials are presented in Table 1 . A total of 27 compounds have been identified in each composite material. These compounds can be grouped into seven chemical families which are aldehydes, ketones, alkene, alcohols, acids, alkanes and lignin moieties. For the S/B ratio of 0.2, the major pyrolysis product of F 2,LW at 300°C is dodecanol (C 12 H 26 O). Relating to S/B ratio of Figure 4 illustrates the relative percentage of each family released by the pyrolysis of the different composite materials. Lignin moieties are the main class of compounds produced by all composite material. However, Straw/plaster composite materials mainly produce aldehydes and lignin moieties, whereas in the case of straw/lime composite materials, the products restarted in several class of compounds. The relative percentage of aldehydes for F 3,PW is 2.25 more significant than for F 2,LW . Ketones and alcohols are relatively more represented in straw/lime than in straw/plaster composites. The relative percentage of ketones is 23 and 10 times higher for F 2,LW and F 2,LB than for F 3,PW and F 3,PB respectively. The relative percentage of alcohols for F 2,LW and F 2,LB are 286 and 23 times higher than for F 3,PW and F 3,PB respectively. Except for F 3,PB , the relative percentage of alkenes are in the same order of magnitude for the straw/binder composites (9-12 %). The highest acids and alkanes relative percentages are found in F 2,LB composite, whereas the lowest ones are obtained in F 2,LW and F 3,PW .
Conclusions
Straw fibers (wheat and barley) have been mixed with mineral binders (lime and plaster) to develop new composite materials destined to the thermal insulation in buildings. The gaseous emissions of basic constituents and straw composite materials were studied thanks to Py-GC/ MS at the selected temperature of 300°C. This device allows the analyses of the pyrolysis products in the complex matrix where 27 compounds have been found for composite materials, shared in seven. Contrarily to straws which produced mainly lignin cellulosic moieties, we observed significant differences between the different composite samples. The fiber variety and the S/B ratio seem to play an important role on the pyrolysis products composition of the straw composites. In a future work, we plan to investigate the gaseous emissions of this kind of materials varying the W/B (water/binder) and S/B (straw/binder) ratios with better thermal insulating performance for building at numerous heated temperatures. The classification of the different prepared samples according to their toxicity and fire risk will be also studied. This will permit to suggest new insulation materials destined to construction field with low environmental and human life risks. 
